P-glycoprotein (Pgp) is an ATP-dependent hydrophobic natural product anticancer drug efflux pump whose overexpression confers multidrug resistance to tumor cells. T he best-defined form of multiple drug resistance in human cells (1-3) is caused by the overexpression of P-glycoprotein (Pgp). The multidrug resistance phenotype is elicited by the extrusion of hydrophobic chemotherapeutic drugs by Pgp using the energy of ATP (2, 4). There is now considerable evidence of drug-stimulated ATPase activity in Pgp from diverse systems (5-8) suggesting that ATP hydrolysis and drug transport are intimately linked. Additionally, Pgp has the signature of the archetype ATP binding cassette transporter, namely, two transmembrane domains composed of six transmembrane putative ␣-helices each and two nucleotide binding sites (NBS). Senior and colleagues (4, 9-12) have proposed a scheme for the catalytic cycle of Pgp, according to which two NBS undergo ATP hydrolysis alternately. This model is based on the fact that vanadate (Vi) trapping of the nucleotide at either catalytic site arrests ATP hydrolysis at both sites and that mutations or chemical modifications that inactivate one catalytic site also prevent catalysis at the other site (13, 14) .
T
he best-defined form of multiple drug resistance in human cells (1) (2) (3) is caused by the overexpression of P-glycoprotein (Pgp). The multidrug resistance phenotype is elicited by the extrusion of hydrophobic chemotherapeutic drugs by Pgp using the energy of ATP (2, 4) . There is now considerable evidence of drug-stimulated ATPase activity in Pgp from diverse systems (5) (6) (7) (8) suggesting that ATP hydrolysis and drug transport are intimately linked. Additionally, Pgp has the signature of the archetype ATP binding cassette transporter, namely, two transmembrane domains composed of six transmembrane putative ␣-helices each and two nucleotide binding sites (NBS). Senior and colleagues (4, (9) (10) (11) (12) have proposed a scheme for the catalytic cycle of Pgp, according to which two NBS undergo ATP hydrolysis alternately. This model is based on the fact that vanadate (Vi) trapping of the nucleotide at either catalytic site arrests ATP hydrolysis at both sites and that mutations or chemical modifications that inactivate one catalytic site also prevent catalysis at the other site (13, 14) .
Several reports have used the Vi-trapped intermediate (Pgp⅐ADP⅐Vi) of Pgp to assess the catalytic cycle (9, 10, (15) (16) (17) (18) . Incubation of Pgp with ATP and Vi inhibits Pgp ATPase by trapping ADP at the catalytic site, indicating that at least one turnover is required for onset of inhibition. Moreover, given the chemical analogy between P i and Vi, the general consensus is that Pgp⅐ADP⅐P i and Pgp⅐ADP⅐Vi complexes are equivalent (4, 9, 15) , and that the transition-state Pgp⅐ADP⅐Vi represents an intermediate state during the normal reaction pathway (4) .
Studies with both cultured cells and transient expression systems suggested that substrates interact directly with Pgp, and the most compelling evidence was provided by the use of diverse substrate analogs that photoaffinity label the Pgp (19) (20) (21) (22) . We demonstrate in this study that [ 125 I]iodoarylazidoprazosin (IAAP), an analog of the Pgp substrate prazosin, exhibits saturation binding with a K d of 412 nM, which is not affected by the binding of nucleotides, such as the nonhydrolyzable ATP analogue 5Ј-adenylylimidodiphosphate (AMPPNP). Though binding of nucleotide does not affect interactions with the substrate, ATP hydrolysis has a profound effect. Thus, if Vi is used to trap Pgp in the Pgp⅐ADP⅐Vi transition-state conformation, the affinity of IAAP for this complex is reduced Ͼ30-fold. We used this reduced affinity of the transition-state conformation as an assay to understand the link between ATP hydrolysis and the interaction of substrate with Pgp. Our results demonstrate that during ATP hydrolysis Pgp undergoes a conformational change as evidenced by a drastic decrease in the affinity for substrates. The initiation of the next catalytic cycle requires that Pgp attain the conformation that binds substrate with high affinity, and ATP hydrolysis appears to be mandatory for this switch from the transition state to occur. Thus, we demonstrate a requirement for ATP hydrolysis at two distinct steps in a single turnover during the catalytic cycle of Pgp. (15) (16) (17) (18) (19) (20) and 8AzidoATP were purchased from ICN. All other chemicals were obtained from Sigma.
Materials and Methods

Preparation of Crude Membranes from High Five Insect Cells Infected
with Recombinant Baculovirus Carrying the Human MDR1 Gene. High Five insect cells (Invitrogen) were infected with the recombinant baculovirus carrying the human MDR1 cDNA with a 6-histidine tag at the C-terminal end [BV-MDR1 (H6)] as described (16) . Crude membranes were prepared as described (7, 16) .
Photoaffinity Labeling with IAAP. The crude membranes (10-50 g) were incubated with the drug or modulator for 3 min at room temperature in 50 mM Tris⅐HCl, pH 7.5, and IAAP (unless otherwise stated, 3-6 nM) was added and incubated for an additional 5 min under subdued light. The samples then were illuminated with a UV lamp assembly (PGC Scientifics, Gaithersburg, MD) fitted with two black light (self-filtering) UV-A long wave-F15T8BLB tubes (365 nm) for 10 min at room temperature (21-23°C). After SDS͞PAGE on a 8% Tris-glycine gel at constant voltage, gels were dried and exposed to Bio-Max MR film (Eastman Kodak) at Ϫ70°C for 12-24 h. The radioactivity incorporated into the Pgp band was quantified by using the Storm 860 PhosphorImager system (Molecular Dynamics) and the software IMAGEQUANT.
Determination of the Kd for IAAP. Increasing concentrations of IAAP were prepared by adding the appropriate volume of stock IAAP, in 50% acetonitrile, and evaporating the solution under a steady stream of N 2 in the dark. An equal volume (1 l) of DMSO was added to each of the vials to dissolve the IAAP. Crude membranes (20 g) in 40 l Tris⅐HCl, 50 mM, pH 7.5 were added to the vials containing the indicated concentration of IAAP (1-519 nM). In parallel experiments, the membrane preparations were preincubated in 40 mM Mes⅐Tris (pH 6.8), 50 mM KCl, 5 mM sodium azide, 2 mM EGTA, and 10 mM MgCl 2 containing 5 mM AMPPNP or 5 mM ATP and 250 M Vi for 10 min at 37°C before the addition of IAAP. The samples were photocrosslinked at 365 nm and after SDS͞PAGE were transferred to nitrocellulose paper as described (6) . The Pgp bands were identified by exposing the nitrocellulose paper to a BioMax MR film and the protein on the nitrocellulose strips determined by the method of Schaffner and Weissmann (23) . After estimating the protein, the nitrocellulose paper strips were placed in Biosafe II scintillation fluid and the radioactivity associated with Pgp was determined in a scintillation counter.
Vi-Induced ADP or 8AzidoADP Trapping in Pgp. The Pgp⅐ADP⅐Vi or Pgp⅐8AzidoADP⅐Vi transition-state conformation was generated as described (16) with minor modifications. Crude membranes (1 mg͞ml) were incubated in the ATPase assay buffer (40 mM Mes⅐Tris, pH 6.8͞50 mM KCl͞5 mM sodium azide͞2 mM EGTA͞2 mM DTT͞10 mM MgCl 2 ) containing 1.2 mM ATP or 8AzidoATP and 250 M Vi in the dark at 37°C for 5 min. The reaction was stopped by adding 12.5 mM ice-cold ATP and placing the sample immediately on ice. For some experiments, excess nucleotides and Vi were removed by centrifugation at 300,000 ϫ g at 4°C for 10 min by using a S120-AT2 rotor in a RC-M120EX micro-ultracentrifuge (Sorvall). In studies that required tracking the trapping of 8Azido[␣-32 P]ADP on Pgp, the same procedure as described above was followed except that 50 M 8Azido[␣- ATPase Assay. Vi-sensitive ATPase activity of Pgp in crude membranes was measured as described (5, 7, 16) . Vi stock solution was prepared as described (24) .
Results
The Vi-Induced ADP Trapped Conformation of Pgp During ATP Hydrolysis Exhibits a Marked Decrease in Affinity for Substrate. Ortho-Vi is a potent inhibitor of the ATPase activity of Pgp (6, 7), which acts by mimicking the pentacovalent phosphorus in the catalytic transition state, and traps the nucleotide tenaciously (9, 10) . This transition-state conformation of Pgp is a useful tool, which synchronizes all molecules in a single conformation and, is sufficiently long-lived to study its functional characteristics. Recent studies have shown (16) that the Vi-trapped conformation of Pgp binds substrates with reduced affinity. The data in Fig. 1A shows that while nucleotides ATP and 8AzidoATP alone do not significantly affect the binding of IAAP to Pgp, the transition-state conformation of Pgp generated by Vi with either of these nucleotides results in a Ͼ80% decrease in the IAAP binding.
IAAP is a radiolabeled photoaffinity analogue of the Pgp substrate, prazosin, which specifically labels Pgp and can be competed by cyclosporin A (19, 25) . IAAP incorporation into Pgp was determined as a function of substrate concentration (Fig. 1B) and it exhibited saturable binding. The single-site model of Henri-Michaelis-Menten best described the data (R 2 ϭ 0.986). This rapid equilibrium approach was deemed appropriate for determining the binding constants K d and B max as the basic assumptions of the approach were satisfied: (a) The protein and ligand were allowed to interact in the dark whereby equilibrium conditions existed until the photocrosslinking step (considered analogous to termination of the reaction). (b) Sufficiently low concentrations of Pgp were used to ensure that the concentration of ligand was always in excess. (c) It is necessary to show that the binding is specific at all concentrations of the substrate. We have determined that cyclosporin A inhibits the photolabeling of Pgp with IAAP both at low and high concentrations (5 nM and 600 nM, respectively; unpublished observations).
To ensure that the decrease in affinity for IAAP (see Fig. 1B ) is not a consequence of the binding of nucleotide but of ATP hydrolysis, we measured IAAP binding in the presence of AMPPNP, a nonhydrolyzable analogue of ATP, and Vi. The data for the untreated sample and that treated with the nonhydrolyzable ATP analogue AMPPNP and Vi fit well to curves with a single binding site, demonstrating similar binding constants (K d of 412 Ϯ 91 nM and 403 Ϯ 117 nM, respectively). These results suggest that ATP hydrolysis and not nucleotide binding is a prerequisite for the large decrease in substrate binding. Our major aim in this study is to determine whether this decrease in affinity of Pgp in the transition-state conformation for substrate is reversible, and if so, under what conditions.
Characterization of the Pgp⅐ADP⅐Vi Transition-State Conformation of
Pgp. Earlier studies of Senior and coworkers (9) (10) (11) showed that the t 1/2 for reactivation of ATP hydrolysis with the Chinese hamster Pgp in the ADP⅐Vi transition-state complex is 84 min at 37°C. We also obtained comparable results with human Pgp (data not shown). In addition, we found that incubation of Pgp at 37°C for an extended period results in greatly reduced IAAP binding (data not given). When 8AzidoATP was used instead of ATP, the t 1/2 for reactivation of the Pgp⅐8AzidoADP⅐Vi complex was found to be of the order of 5-8 min for both Chinese hamster (11) and human Pgp (data not shown). The inhibition of substrate binding to the Pgp⅐ADP⅐Vi or Pgp⅐8AzidoADP⅐Vi complex is comparable (Fig. 1 A) , and 8AzidoATP is a good hydrolysis substrate for both Chinese hamster and human Pgp, with a K m similar to ATP (26, 27) (K. Kerr, Z.E.S, and S.V.A, unpublished work). We therefore chose to use the Pgp⅐8AzidoADP⅐Vi complex in lieu of the Pgp⅐ADP⅐Vi complex for further studies.
The rate of formation of the Pgp⅐8AzidoADP⅐Vi complex is shown in Fig. 2A . Incorporation of 8Azido[␣-32 P]ADP into Pgp is saturable (t 1/2 , 2.3 min). These results obtained for the recombinant human Pgp expressed in insect cells are concordant with those reported for Chinese hamster Pgp (9, 10, 28) . On the basis of these results, we allowed Vi-induced 8AzidoADP trapping to occur and monitored the recovery of drug binding over 15 min after removal of excess nucleotide and Vi by centrifugation. As demonstrated above (Fig. 1 A) incubation of Pgp with either ATP or 8AzidoATP in the presence of Vi results in a decrease in IAAP binding. However, it is important to demonstrate that the basal and substrate-stimulated ATPase activity of Pgp⅐8AzidoADP⅐Vi complex also is inhibited as observed previously for the Pgp⅐ADP⅐Vi complex (4, 11) . Fig. 2B shows that both basal and verapamil-stimulated ATPase activity of Pgp is inhibited in the 8AzidoADP⅐Vi-trapped conformation. These results suggest that the intermediates generated by ATP or 8AzidoATP are comparable and the observation that there is decreased affinity for IAAP reflects a change in the affinity for substrate irrespective of its nature, which is a consequence of ATP hydrolysis. Moreover, it has been demonstrated recently that IAAP is transported by Pgp (S. Dey and M. M. Gottesman, personal communication).
Correlation Between the Disassociation of 8AzidoADP and Recovery of the Binding of IAAP After Trapping of Pgp with 8AzidoADP and Vi. To understand how Pgp advances from the transition state (Pgp⅐8AzidoADP⅐Vi), wherein its affinity for substrate is acutely reduced, to the next catalytic cycle, we determined in parallel the rate at which 8AzidoADP disassociates from the Pgp⅐8AzidoADP⅐Vi complex and the recovery of binding of IAAP. Fig. 3A shows that the amount of 8Azido[␣-32 P]ADP incorporated into Pgp decreases over time when the Pgp⅐8Azido[␣-32 P]ADP⅐Vi complex is incubated at 37°C. There is a concomitant increase in the incorporation of IAAP into Pgp in the presence of ATP after washing off excess 8AzidoATP and Vi (Fig. 3B) . Fig. 3C depicts a quantification of the data given in Fig. 3 A and B . The disassociation of 8AzidoADP shows an attendant and equivalent increase in the incorporation of IAAP. The observation that the t 1/2 for the release of the trapped nucleotide and for the reactivation of IAAP incorporation are commensurate is consistent with the fact that the release of 8AzidoADP from the Pgp⅐8AzidoADP⅐Vi complex is very slow (4). Although, one or several steps between 8AzidoADP release and binding of substrate may exist, a much slower rate of 8AzidoADP release compared with other steps in the catalytic cycle would result in an overall rate comparable to the rate at which 8AzidoADP is displaced (see Fig. 3C ). Although the experiments depicted in Fig. 3 indicate that the release of 8AzidoADP (or ADP) is necessary for the recovery of IAAP binding after trapping, they do not demonstrate unequivocally that the release of occluded nucleotide is sufficient.
Recovery of IAAP Binding to Pgp After Vi-Induced 8AzidoADP Trapping
Requires ATP Hydrolysis. Generating the Pgp⅐8AzidoADP⅐Vi complex, washing off unbound 8AzidoATP and free Vi, and then incubating under different conditions followed by labeling with IAAP, permits us to sharply discriminate between the conditions that do and do not allow the recovery of IAAP incorporation into Pgp after formation of the 8AzidoADP-trapped intermediate. The data given in Fig. 4 demonstrate that ATP hydrolysis is essential for a recovery of IAAP incorporation into Pgp. Incubating the Pgp⅐8AzidoADP⅐Vi complex in Mg 2ϩ -free medium containing EDTA, replacing the 8AzidoATP with the nonhydrolyzable AMPPNP and the continued presence of Vi are all conditions that do not permit ATP hydrolysis, and there is no recovery of IAAP binding (Fig. 4) . However, allowing the complex to hydrolyze ATP or 8AzidoATP at 37°C permits incorporation of IAAP at Ͼ80% of the levels observed in Pgp not trapped into the transition-state conformation. It is possible that ATP hydrolysis is required for disassociating 8AzidoADP (or ADP) from the complex rather than for affecting the conformational change that allows the molecule to bind substrate. Our recent observations, however, show that the rate of release of 8AzidoADP is the same in control membranes and those treated with AMPPNP or ATP in the presence of Mg ϩ2 (data not given), demonstrating that nucleotide binding or its hydrolysis is not required for the disassociation of 8AzidoADP from the Pgp⅐8AzidoADP⅐Vi complex.
Characteristics of the IAAP Binding to Pgp After Trapping with 8AzidoADP⅐Vi Are Similar to Those Observed Before Nucleotide
Trapping. The results presented above show that the Pgp⅐8AzidoADP⅐Vi complex exhibits decreased affinity for substrate, which can be restored under ATP hydrolysis condition. . The reaction was stopped by placing the samples on ice. Excess 8AzidoATP and Vi were removed by centrifugation at 300,000 ϫ g for 10 min at 4°C. The pellet was resuspended in 40 mM Mes⅐Tris, pH6.8, 50 mM KCl, 5 mM sodium azide, 2 mM EGTA, and 2 mM DTT and divided into five aliquots to which the following additions were made: 10 mM MgCl 2 and 5 mM AMPPNP (‚), 10 mM MgCl2, and 1.2 mM ATP (s), 5 mM EDTA (ᮀ), and 250 M Vi (E). The continuous horizontal line shows the extent of IAAP incorporated into an equivalent amount of untreated control membranes, which were processed in parallel. The samples were incubated at 37°C, and aliquots were removed at the indicated intervals, placed on ice, and photocrosslinked with IAAP. After SDS͞PAGE, the radioactivity associated with the Pgp was estimated by PhosphorImager analyses and normalized such that the radioactivity in the untreated sample at 0 min was 1. The data are representative of three independent experiments. show IAAP binding to the Pgp⅐8AzidoADP⅐Vi complex that has been incubated at 37°C for 15 min to allow release of 8AzidoADP and an additional round of ATP hydrolysis. It is clear that IAAP binding is regained and it is stimulated by cis(Z)-flupentixol and inhibited by cyclosporin A. Furthermore, verapamil-stimulated ATPase activity, which is inhibited in the Pgp⅐8AzidoADP⅐Vi complex (Fig. 2B) , also is recovered after incubation at 37°C for 15 min (data not given). These results suggest that Pgp, after the transition state, is in a conformation that is functionally similar to the one before being trapped with 8AzidoADP and Vi.
Discussion
Pgp is a robust drug efflux pump and its ATP hydrolytic activity, which is inhibited by Vi, is obligatorily linked to drug transport. Previous studies demonstrated reduced binding of the photoaffinity substrate analogue IAAP to Pgp in the Vi-trapped conformation (16, 25) . Several reports (9, 10, 12, 15, 17) have used the transition-state (Pgp⅐8AzidoADP⅐Vi) intermediate to gain information about various steps in the ATP hydrolysis by Pgp. Although these studies have proved invaluable in understanding the ATP hydrolysis segment of the catalytic cycle of Pgp, they have not directly addressed the link between ATP hydrolysis and substrate-binding sites. There is, however, a general consensus in the literature that Pgp is an energy-driven pump, that this energy is provided by the hydrolysis of ATP, and that there is extensive communication between the substrate-binding sites and NBS of Pgp (reviewed in ref. 3) . In this study, we exploited the reduced affinity of substrate for Pgp in the Vi-trapped conformation to investigate the interactions between the NBS and substrate binding sites and their energetic requirements to elucidate the catalytic cycle of Pgp.
We show that this reduced binding of IAAP occurs regardless of whether the Vi-trapped conformation is generated by using ATP or 8AzidoATP, which also is hydrolyzed by Pgp (11). Moreover, nucleotide binding alone is not sufficient to affect affinity for substrate as both ATP and 8AzidoATP in the absence of Vi do not significantly reduce the binding of IAAP to Pgp (Fig. 1 A) . It is thus clear that ATP hydrolysis induces a conformational change at the substrate-binding site. To quantify the magnitude of this change, we determined the binding constants for IAAP (Fig. 1B) . The K d for IAAP binding to Pgp (412 Ϯ 91 nM), which was not affected by the presence of the nonhydrolyzable nucleotide AMPPNP and Vi (K d ϭ 403 Ϯ 117). However, the IAAP binding to the Vi-trapped Pgp does not begin to show saturation even at 516 nM IAAP (because of unavailability of nonradioactive IAAP, it was not feasible to use higher concentrations). We nevertheless can estimate from this data that the affinity for IAAP is decreased at least 30-fold.
Using the Pgp⅐8AzidoADP⅐Vi conformation of Pgp, we show that the binding of IAAP can be restored to levels comparable to those obtained in the absence of Vi trapping. Fig. 5 illustrates that after incubation for 15 min at 37°C under ATP hydrolysis conditions, after trapping and removal of excess Vi and nucleotide, not only is binding of IAAP restored but so are functional characteristics such as stimulation by cis(Z)-flupentixol, inhibition by cyclosporin A and also verapamil-stimulated ATPase activity. The noteworthy features of this reversal are, however, revealed in Figs. 3 and 4 . IAAP binding is not restored when the trapped Pgp is resuspended in either Mg 2ϩ free medium containing EDTA, or in a medium containing excess AMPPNP. These data strongly suggest that not only is ATP (or 8AzidoATP) hydrolysis required for the Pgp molecule to be trapped into the Pgp⅐8AzidoADP⅐Vi conformation, but that additional ATP hydrolysis at a subsequent step is required for the molecule to be restored to its original conformation (here defined as the conformation that will bind substrate with similar properties as at the pre-ATP hydrolysis state). This observation raises the question of whether hydrolysis is required for the disassociation of the 8AzidoADP from the Pgp⅐8AzidoADP⅐Vi complex or it occurs at a subsequent step. It is unlikely that ATP hydrolysis occurs when the molecule is locked in the Pgp⅐8AzidoADP⅐Vi conformation (see Introduction). Previous work, in which ATPase activity of Pgp was restored after inhibition by Vi in the presence of ATP or ADP, does not suggest any energetic requirement at this stage (10, 11) . Additionally, we found that there is a progressive disassociation of 8Azido[␣-32 P]ADP from the complex with a t 1/2 of 2-3 min, which is not affected by the presence of nucleotides (data not given). As ATP hydrolysis is clearly not a requirement for disassociation of ADP, such a requirement must come at a step further in the cycle. The inset to Fig. 3C demonstrates a close but inverse correlation between 8AzidoADP release and the recovery of substrate binding. The data in Fig. 4 nonetheless show that while the release of nucleotide is a necessary precondition for the binding of substrate in the reactivation pathway it is not a sufficient condition. The hydrolysis of an additional molecule(s) of nucleotide is essential for the catalytic cycle to advance to completion.
On the basis of these data and published work (4, 25) , we propose a scheme for the catalytic cycle for Pgp as depicted in Fig. 6 . The drug and ATP first bind to Pgp (step I), there being no energetic requirement (Fig. 1 A) . The studies of Liu and Sharom (31) also demonstrate, by using the fluorescent probe 2-(4-maleimidoanilino)naphthalene-6-sulfonic acid, that prior binding of ATP is not essential for drug interaction with Pgp. Thus, ATP binding could precede, follow, or accompany the binding of drug. The hydrolysis of ATP (or 8AzidoATP) and the The ovals represent the substrate binding sites, the on site is depicted by the continuous perimeter, and the off site with a dotted line (see Discussion for an explanation of the on and off sites). The hexagon portrays the on site with reduced affinity for the drug.
Step I: Substrate binds to the on site of Pgp, and ATP binds to one or both of the two NBS.
Step II: ATP is hydrolyzed and the drug is possibly moved to the lower affinity off site.
Step III: P i is released and the drug extruded from Pgp at this step.
Step IIIA: When P i is replaced by Vi, the Pgp⅐ADP⅐Vi complex is generated, which also exhibits a reduced affinity for substrate.
Step IV͞step IIIB: The ADP is disassociated; however, the affinity for substrate continues to be low.
Step V: After disassociation of the ADP, an additional molecule(s) of ATP is hydrolyzed and the conformation of Pgp is restored to its original state with high affinity for substrate binding.
Step VI: The release of P i, disassociation of ADP followed by the initiation of the next catalytic cycle. It is not known, however, whether release of ADP necessarily precedes the binding of the next molecule of substrate after step VI. ADP disassociation (from the previous cycle), drug binding, and ATP binding presumably could occur in any sequence in steps VI to I. Though, we depict ATP binding and hydrolysis as occurring in the N half of Pgp our data do not suggest any preference in the presence of saturating concentrations of ATP or 8AzidoATP for either of the two sites, and the process is most likely random. However consistent with the alternate site model (4), ATP hydrolysis would occur at a site different from that in step II and therefore is depicted at the NBS in the C half at step V. subsequent release of P i that generates the Pgp⅐ADP⅐Vi complex is accompanied by a conformational change that (possibly besides other effects) drastically reduces the affinity of substrate for Pgp (compare Figs. 1 and 5 ). It previously has been postulated that ATP hydrolysis in Pgp generates a conformation of high chemical potential. The relaxation of such a conformation could be coupled to the movement of drug binding site from an aspect of high affinity to one of low affinity (4) . Experimental evidence presented here strongly supports such a notion, and plausibly the drug is extruded at this step. The extrusion of drug and the subsequent (or accompanying) disassociation of ADP (step IV) are both necessary but not sufficient for Pgp to regain its ''original'' conformation (Figs. 3 and 4 ). An additional molecule(s) of ATP (or an alternative hydrolyzable nucleotide) must be hydrolyzed (step V) to restore the conformation of Pgp to initiate the next cycle (Figs. 3-5) .
This model suggests two unique and distinct roles for ATP hydrolysis in a single turnover of the catalytic cycle of Pgp. Not only is energy used in the transport of substrate but there is a clear need for ATP hydrolysis in effecting conformational changes in the molecule that make it available for the next catalytic cycle. It is worth noting that a working model for the catalytic cycle of another ATP binding cassette transporter, CFTR (cystic fibrosis transmembrane conductance regulator), has been proposed (32, 33) . According to this model, a single closed-open-closed gating cycle of phosphorylated CFTR chloride channel involves hydrolysis of one ATP molecule to open it, and hydrolysis of a second ATP to close it. Thus, to complete one cycle in CFTR, similar to Pgp (see below), requires hydrolysis of two ATP molecules. Conformational changes in proteins dependent on ATP hydrolysis also have been demonstrated in other systems, e.g., the coupling of ATP hydrolysis to the unfolding of the misfolded substrate protein by the chaperonin GroEL (34, 35) . Here, the hydrolysis of ATP switches the trans ring from a collapsed to an open state signaling the beginning of the next round of substrate recognition (36, 37) . In recent years, the stoichiometry of number of ATP molecules hydrolyzed to substrate molecules transported has been estimated for Pgp and other ATP binding cassette transporters such as histidine permease and oligopeptide permease. It has been demonstrated that the hydrolysis of at least two molecules of ATP is required for the transport of every molecule of substrate (38) (39) (40) (41) . The stoichiometry data suggest that the hydrolysis of one ATP molecule is required to move drug from the high-affinity ''on'' site to the low-affinity ''off'' site, while the second ATP may be used either to move drug from the off site to the extracellular medium or to reset the conformation of Pgp to initiate the next cycle (18) (Fig. 6) . Our data provide experimental evidence, consistent with the stoichiometry measurements, for the role for ATP hydrolysis at two distinct steps (steps II and V, Fig. 6 ) during the catalytic cycle. Moreover, because of common features such as substrate-stimulated ATPase activity and its inhibition by Vi, as also the stoichiometry of substrate transport and ATP hydrolysis, we suggest that this requirement for additional hydrolysis of ATP to reset the conformation during a single turnover may be common to other ATP binding cassette transporters and further work is needed to verify this.
